Using the general form of the Bethe-Salpeter wave functions for the bound states consisting of two vector fields given in our previous work, we investigate the molecular state composed of D * + s with quantum numbers J P = 0 + . In this paper, the operator product expansion is used to introduce the nonperturbative contribution from the vacuum condensates into the interaction between two heavy mesons. The calculated mass of Y (4140) is consistent with the experimental value, and we conclude that it is a more reasonable scenario to explain the structure of Y (4140) as a mixture of pure molecule states.
Introduction
The narrow state Y (4140) was discovered by CDF Collaboration [1] and its structure does not fit the conventional cc charmonium interpretation. Then possible interpretations beyond quark-antiquark state have been proposed, such as hadronic molecule state [2] and tetraquark state [3] . Following the CDF result, it is suggested in Ref. [2] that the Y (4140) is a molecular state of D * + s D * − s . However, there are some defects in Ref. [2] : the numerical result sensitively depends on the adjustable parameter, the heavy vector mesons D * + s and D * − s are considered as pointlike objects, and the definite spin-parity quantum numbers J P of the Y (4140) can not be deduced in theory. More importantly, the previous work [2] dealt with this two-body system D * + s D * − s in the formalism of quantum mechanics and the potential between two heavy mesons was constructed in perturbation theory. Therefore the nonperturbative effects in quantum chromodynamics (QCD), for example, the condensates of vacuum can not be considered in their work.
In quantum field theory, the most general form of the Bethe-Salpeter (BS) wave functions for the bound states composed of two vector fields of arbitrary spin and definite parity has been given [4] . In this work, we apply the general formalism to investigate the molecular state of D * + s D * − s and consider that the effective interaction between these two heavy mesons is derived from one light vector meson exchange. In Ref. [4] , we have deduced that in our approach one light pseudoscalar meson exchange has no contribution to the potential between two heavy vector mesons. Because of the SU(3) symmetry of the light vector mesons, one strange meson (K * ) exchange should be considered. From one strange meson exchange, it is necessary to consider the mixing of three pure molecule states D * 0D * 0 , D * + D * − and D * + s D * − s , which is not considered in Refs. [2, 4] . Therefore, we assume that the Y (4140) state is a combination of three pure molecule states D * 0D * 0 , D * + D * − and D * + s D * − s . To construct the interaction kernels between two heavy vector mesons D * 0D * 0 , D * + D * − and D * + s D * − s , we still consider that the heavy vector meson is a bound state composed of a light quark and c-quark and investigate the interaction of the light meson with the light quark in the heavy meson, which will be emphatically reconsidered in this work. As is well known, the nonperturbative contribution plays an important role in the case of QCD at low energy. It is necessary to note that the more nonperturbative effects should be taken into account when we investigate the light meson interaction with quark in the heavy meson. In this work, we introduce the operator product expansion and obtain the heavy meson BS wave function including the contribution from the condensates of vacuum. From the improved heavy meson BS wave function, we can obtain the heavy meson form factors which contain the contribution from the nonperturbative effects of QCD. Through these further form factors we can obtain the heavy meson interaction with light meson and the potentials between two heavy vector mesons without an extra parameter. Obviously, this approach is closer to QCD than in our previous works [4] [5] [6] [7] . Then numerically solving the relativistic Schrödinger-like equation with these potentials, we obtain the wave functions of the pure molecule states D * 0D * 0 , D * + D * − and D * + s D * − s , respectively. Finally, using the coupled-channel approach, we can obtain the masses and the wave functions of the mixed states and then the definite quantum numbers of the Y (4140) system can be deduced.
This paper is organized in the following way. In Sec. 2 we show the general form of BS wave functions for the bound states consisting of two vector fields. After constructing the interaction kernel between two heavy vector mesons, we introduce the mixed state of three pure molecule states. Sec. 3 shows the procedure of the instantaneous approximation. Sec. 4 shows how to obtain the heavy meson BS wave function and form factor which contain the contribution from the vacuum condensates. Then the interaction potentials between two heavy vector mesons and the masses of the pure molecule states are calculated. Sec. 5 gives the numerical result and our conclusion is presented in Section 6. 
The mixing mechanism
If a bound state with spin j and parity η P is composed of two vector fields with masses M 1 and M 2 , respectively, the BS wave function of this bound state in the momentum representation should satisfy, [4] 
and,
where P is the bound state momentum, p is the relative momentum of two vector fields, η μ 1 ···μ j is the polarization tensor describing the spin of the bound state, the independent tensor structures T i λτ are given in Appendix A, φ i (P · p , p 2 ) and ψ i (P · p , p 2 ) are independent scalar functions. In this work, we have
, p 1 and p 2 are the momenta of two vector fields, respectively. This is presented in Fig. 1 .
In experiment the quantum numbers J P of the Y (4140) are not unambiguously determined except for C = +. Assuming that the Y (4140) is a S-wave molecule state whose constituents are two heavy vector mesons D * + s and D * − s , one can have J P = 0 + or 2 + for this system [2] . From Eqs. (1) and (2), the BS wave function of this bound state becomes, for J P = 0 + ,
or, for J P = 2 + ,
which satisfies the BS equation
where V αθ,βκ is the interaction kernel, F λα (p 1 ) and Fβτ (p 2 ) are the propagators for the
and the momentum of this bound state is set as P = (0, 0, 0, iM) in the rest frame. In this approach, we find that one light pseudoscalar meson exchange has no contribution to the potential between two heavy vector mesons [4] . Then we consider that the effective interaction between D * + s and D * − s is derived from one light vector meson exchange. The charmed meson D * + s is composed of a heavy quark c and a light antiquark s. From the SU(3) symmetry, the Lagrangian for the interaction of light vector meson with quarks should be
where the flavor-SU(3) singlet V 1 and octet V 8 states of vector mesons mix to form the physical ω and φ mesons as
Because of the SU(3) symmetry, we consider that the exchanged mesons should be the singlet V 1 and octet V 8 states.
The Lagrangian expressed as Eq. (8) gives nine S-matrix elements, as shown in Fig. 2 . The graphs (a), (e), (i) in Fig. 2 Fig. 2(i) . The contribution of Fig. 2(i) is only from the terms ig 1s γ μ V 1 s and ig 8s γ μ V 8 s in Eq. (8) , where g 1 is the singlet-quark coupling constant and g 8 is the octet-quark coupling constant. From Eq. (9), we obtain the relations of g 1 and g 8
where the meson-quark coupling constants g 2 ω = 2.42 and g 2 φ = 13.0 were obtained within QCD sum rules approach [8] , and the mixing angle θ = 38.58 • was obtained by KLOE [9] . Since the SU (3) is broken, the masses of the singlet V 1 and octet V 8 states are approximatively identified with the masses of two physically observed ω and φ mesons, respectively. Then the effective quark current is J μ = isγ μ s and the S-matrix element between the heavy vector mesons is
where V |J μ |V is the vertex of the heavy vector meson interaction with the light vector meson. From the Lorentz-structure, the matrix elements of quark current can be expressed as
where
is the momentum of the light meson and k = p − q ; h(k 2 ) and h (k 2 ) are scalar functions, the
) is the polarization vector of heavy vector meson
is the polarization vector in the heavy meson rest frame. In this approach, we calculate the meson-meson interaction when the exchangemeson is off the mass shell (k 2 = −m 2 ) and the heavy meson form factors h(k 2 ) and h (k 2 ) are necessarily required. In section 4, we will show how to obtain the form factors containing the contribution from the vacuum condensates. Taking away the external lines including the normalizations and polarization vectors ε (12), we obtain the interaction kernel from one light vector meson (V 1 and V 8 ) exchange
where k = (k, 0). Then using the method above, we can obtain the interaction kernels from one light vector meson (ρ ± and K * ) exchange, as shown in Fig. 2(b 
where ρ represents ρ + and ρ − mesons, K * represents K * + , K * − , K * 0 and K * 0 mesons, g ρ and g K * are the meson-quark coupling constants obtained within QCD sum rules approach, g 2 ρ = 2.42, [8] and g 2 K * = 1.46 [10] .
The extended Bethe-Salpeter equation
In this section, we solve the BS equation expressed as Eq. (7) with the kernel (15) in instantaneous approximation and obtain the wave function of the pure molecule state D * + s D * − s . Firstly, we assume that the quantum numbers of pure molecule state D * + s D * − s are J P = 0 + . Substituting its BS wave function given by Eq. (5) and the kernel (15) into the BS equation (7), we find that the integral of one term on the right-hand side of Eq. (5) has contribution to the one of itself and the other term. But these cross terms have the factors of 1/M 2 1 and 1/M 2 2 , which are small for the heavy meson masses are large. Ref. [4] has given a simple approach to solve this BS equation as follows. Ignoring the small cross terms, we can obtain two individual equations:
. Solving these two equations, respectively, one can obtain two series of eigenfunctions and eigenvalues. Because the cross terms are small, we take the BS wave function to be a linear combination of two eigenstates F 10 λτ and F 20 λτ corresponding to the lowest energy in Eqs. (17) and (18), respectively. Then in the basis provided by
Substituting Eq. (19) into (7) and then comparing the tensor structures in the left and right sides, we obtain an eigenvalue equation
From this eigenvalue equation, we can obtain the eigenfunctions and eigenvalues including the contribution from the cross terms. In instantaneous approximation, Eqs. (17) and (18) become the Schrödinger type equations, respectively (see details in Appendix B)
where 0 + 1 (p ) = dp 0 
The eigenvalue equation (20) 
where the matrix elements are 
Then we can investigate the alternative J P = 2 + assignment for the pure molecule state D * + s D * − s using the method as above.
Form factors of heavy vector mesons
In our previous works [4] [5] [6] [7] the form factors of heavy vector meson h(k 2 ) describing its internal structure have been calculated, but we did not consider the nonperturbative effects of QCD. In this work, we firstly improve the heavy vector meson BS wave function so that it can include the nonperturbative contribution. The BS amplitude of heavy vector mesons has the form [11] V μ (p; P ) =
where P is the momentum of the heavy vector meson, p denotes the relative momentum between quark and antiquark in heavy meson, N V is the normalization and ϕ H (p 2 ) = exp(−p 2 /ω 2 H ). Because the form factors depend on the momentum of the exchange-meson only, we set P = (0, 0, 0, iM V ) in the rest frame to calculate these scalar functions. The authors of Ref. [11] considered the SU (3) 
where S c (p + P ) is c-quark propagator and S l (p) is the light quark propagator in constituent quark model. The operator product expansion (OPE) was introduced to deal with the nonperturbative effects of QCD [13] . Its physical meaning is that the short distance behavior is determined by the Wilson coefficients and the large distance part is included in the matrix elements of the operators O n [8] . Applying the fixed-point gauge technique, the authors of Ref. [8] have obtained the massive quark propagators which include the information of condensates
and
where m c,l are the constituent quark masses, α s = g 2 /4π is the QCD coupling constant, G a μν is the gluon field tensor, t a = λ a /2 and λ a are the Gell-Mann matrices of the group SU(3), and σ κλ = 
The corresponding wave function in instantaneous approximation can be obtained from Eq. (32): the heavy vector meson wave function is a three-vector, its components are [6, 7] V i (p) = dp 0 1 4
To simplify this integral, we consider that the fourth components of momenta in the second and third terms in Eqs. (30) and (31) are equal to zero. Picking up all terms proportional to G 2 , we obtain the wave function of D * l which contains the nonperturbative contribution from the gluon condensates 
Now, we calculate these form factors derived from one light vector meson (also including ρ ± and K * ) exchange. After exchanging one vector meson, the final particle may not be the initial one, as shown in Fig. 2 . The quark current becomes J μ = il γ μ l, where l = u, d, s and l represent the light quarks in final and initial particles, respectively. The matrix element of the quark current J μ between the heavy meson states (H) has the form [14, 15] 
H (Q)|J μ (0)|H (P )
= d 3 qd 3 p (2π) 6¯ H Q (q) μ (p, q) H P (p),(36)
h (v)
where D * l (p) is the heavy vector meson wave function expressed as Eq. (34). In Fig. 4 we give the form factor F ss 2 (k 2 ) of heavy vector meson D * s corresponding to one light vector meson (V 1 and V 8 ) exchange and compare it with the form factor without the contribution from gluon condensates.
Finally, the potentials given by Eqs. (23) and (24) become
Numerical result
The [8] . With these potentials expressed as Eq. (40), we can numerically solve the equations (21) and (22), respectively. Subsequently, the eigenvalue equation (25) Table 1 .
The meson-quark coupling constants g ω , g ρ , g φ , g K * and the parameters ω H in the BS amplitude of heavy vector mesons are fixed by providing fits to observables, so there is not an adjustable parameter in our approach. Simultaneously varying the constituent quark masses m s , m c , and the full width of the heavy vector meson D * s within 5%, we find that the ratio of the numerical result difference dependent on these parameters and the binding energy is at most 5%. Thus in our approach the calculated masses of pure molecule state depend on these parameters, but not sensitively.
For the pure molecule states D * 0D * 0 , D * + D * − and D * + s D * − s , we find that the resulting ground states with 0 + lie slightly below and the 2 + states above the threshold and then consider that the Y (4140) is a mixed state of these three ground states with J P = 0 + . From Eq. (10), we can obtain the wave function of the mixed state in instantaneous approximation Fig. 2 , respectively. From the interaction kernel derived from one-ρ ± exchange given in Eq. (16), we obtain these matrix elements at leading order in p /M H where we have for i = 1, j = 2, ρ = ρ + , l = d and l = u; for i = 2, j = 1, ρ = ρ − , l = u and l = d. And for one-K * exchange, the matrix elements become
where we have for i = 1, j = 3,
In Eqs. (43) and (44), the high order terms of p /M H are not considered for the heavy meson masses are large. Solving the equation (42), we obtain three eigenstates and the masses and channel probabilities for these eigenstates are presented in Table 2 . The resulting highest energy of these eigenstates is in good agreement with the experimental mass of the Y (4140) [17] . The interpretation for the Y (3940) state is different from the one in Ref. [4] , this is because the coupled channel has not been considered in Ref. [4] .
Conclusion
For the SU (3) Applying the general formalism of the BS wave functions for the bound states consisting of two vector fields, we investigate these pure molecule states. In this work, we introduce the gluon condensates into the BS wave function of the heavy meson and obtain the heavy meson form factors and the interaction between two heavy mesons including the contribution from the nonperturbative effects of QCD, which is different from our previous works. Then using the coupled-channel approach, we obtain the masses and wave functions for the mixed states of these pure molecule states with J P = 0 + , which are in good agreement with the experimental masses of the Y (3940) and Y (4140) states. Thus we can conclude that the mixing of pure molecule states should be a more credible candidate to explain the Y (3940) and Y (4140) states.
Appendix A. The tensor structures in the general form of the BS wave functions
The tensor structures in Eqs. (1), (2), (3), (4) are given below [4] 
Appendix B. The instantaneous approximation
Next, we give the details of the instantaneous approximation. This approach has been used in Ref. [4] . Comparing the terms (η 1 η 2 P λ P τ + η 2 P λ p τ − η 1 
